Introduction
============

Acute liver failure (ALF) is a life-threatening and devastating illness that occurs most often in patients who do not have a preexisting liver disease. The disease leads to a cascade of other diseases/complications that may lead to mortality.[@b1-ijn-13-2997] ALF is associated with hepatic dysfunction, abnormal liver biochemical values, coagulopathy, and encephalopathy that is often followed by multiorgan failure and death. Rates of survival have been improved in recent years by blood purification systems, such as the molecular adsorbent recirculating system, which removes both albumin-bound (middle-chain fatty acids, tryptophan and its metabolites, toxic bile acids, and bilirubin) and water-soluble (ammonia, phenylalanine, and tyrosine) toxins or is used in emergency liver transplantation.[@b2-ijn-13-2997] However, liver transplantation in most cases is not readily accessible, due to the lack of matching donors and the complications that usually follow transplantation.

Several biological and nonbiological methods have been used to develop an artificial liver device.[@b3-ijn-13-2997] Activated carbon (AC) is one of the adsorbents used in artificial and bioartificial liver (BAL) devices. Thanks to its ready abundance, reasonable cost, high porosity, advantageous blood compatibility, high chemical and thermal stability, large surface area, and adsorption capacity toward different compounds, most hemoperfusion systems employ AC as an adsorbent to remove bilirubin.[@b4-ijn-13-2997],[@b5-ijn-13-2997] With nanopores \<1 nm, the adsorption capacities of AC materials are relatively low toward bilirubin.[@b6-ijn-13-2997] Recently, several carbon-based materials have been reported as new potential bilirubin adsorbents seeking to improve the adsorption efficiency of liver support devices.[@b7-ijn-13-2997],[@b8-ijn-13-2997] Maintenance of cell viability and functionality throughout treatment and implementing cell-housing devices at the patient's bedside continue to be major unresolved challenges.[@b9-ijn-13-2997] Among cell-housing devices, extracorporeal liver-assistance devices are those that describe all measures of extracorporeal blood treatments that help different functions of the liver in an attempt to minimize the number of failing organs as a consequence of liver failure, thus prolonging patient survival. Extracorporeal liver-assistance devices do not eliminate the cause of the disease, but instead allow time for liver regeneration and/or providing a bridge to patients waiting for a liver transplant, and thus represent an attractive alternative that may improve patients' prognoses.[@b10-ijn-13-2997] This goal can be reached via inducing hepatocytes to perform liver functions and process externally circulated plasma/blood of liver failure patients. Hepatocytes are often cultured in a cell-housing bioreactor that makes up an essential biological component of BAL devices. Significant developments have been made in enhancing in vitro culturing hepatocytes, yet matrix synthesis and reactor assembly in BAL devices are still lagging. Limited conventional transport, nutritional gradients across the reactor, nonuniform seeding, inefficient immobilization, and poor growth of hepatocytes are only a few limitations that BAL device technology is currently facing. Therefore, new cell culture device designs are required to bring improvement in cellular component efficiency.[@b11-ijn-13-2997] Primary hepatocytes or hepatic cell lines are used in these devices. The hepatic cell lines derived from porcine hepatocytes or from tumor cell lines may sometimes create infection and malignancy transmission.[@b12-ijn-13-2997] Human hepatocytes may then be the best source of cells for future studies of extracorporeal liver-assistance devices.[@b13-ijn-13-2997]

Cytotoxicity assaying of cells grown in culture is a widely used method to predict the potential toxic effects of various compounds on the cells.[@b14-ijn-13-2997] There are several commonly used cytotoxicity assays that are currently being used, like ATP measurement, MTT, neutral red, membrane integrity/LDH release, macromolecular synthesis, and glutathione depletion.[@b15-ijn-13-2997]--[@b17-ijn-13-2997] Raw materials, such as date pits, jojoba seeds, and microalgae, are inexpensive biomass sources. They contain large carbohydrate content, accounting for \>50% of the composition, and have low ash content.[@b18-ijn-13-2997]--[@b20-ijn-13-2997] The preparation of AC from date pits, jojoba, and microalgae raw materials has, however, scarcely been reported. AC prepared from date pits by chemical activation has been utilized for methyl orange adsorption.[@b18-ijn-13-2997] AC has been prepared from jojoba-seed residue by chemical activation and the effects of process variables like AC, particle size, and chemical reagent studied.[@b19-ijn-13-2997] AC has been prepared from microalgae by the combination of hydrothermal carbonization and KOH-activation processes.[@b20-ijn-13-2997]

3D culture systems are now widely used instead of 2D (or static) culture, as the former represents the microenvironment where cells actually reside in tissues. Studies have shown that the behavior of 3D cultured cells recapitulates the in vivo cellular responses much better.[@b21-ijn-13-2997]--[@b24-ijn-13-2997] 3D culture systems are employed in drug discovery, cancer cell biology, stem cell research, tissue engineering, and other cell-based analyses.[@b25-ijn-13-2997]--[@b27-ijn-13-2997] 3D cultures of various cell lines have been used for drug screening, cytotoxicity assays, and cell--biomaterial interaction, where biomaterials used were collagen, collagen--chitosan, Matrigel, fibrinogen matrices, alginate, PuraMatrix scaffolds, and polyethylene glycol matrices.[@b22-ijn-13-2997],[@b24-ijn-13-2997] To examine AC of date pits, jojoba seeds, and microalgae as cell carriers in a BAL bioreactor, HepG2 human cancer cells were assessed, in addition to THLE2 normal liver cells. The rationale was that primary hepatocytes are normally functionally viable for a short period.[@b23-ijn-13-2997] Moreover, culturing primary hepatocytes in a bioreactor at high cell density (as required for a BAL bioreactor) may lead to oxygen deprivation that could reduce cell viability by shear stress due to continuous flow.[@b28-ijn-13-2997] Cell lines in 2D culture cannot be studied more than 72 hours, since the cells need media to be changed or remain in a stationary state. To overcome this limitation, 3D cultured cells in bioreactors are often grown on scaffolds, matrices, or microcarriers that are dependent on the growth characteristics of those cells (adherent or suspension).[@b28-ijn-13-2997]--[@b31-ijn-13-2997]

In the present study, AC prepared from the different sources under examination was tested for the adsorption of bilirubin from both albumin-containing and albumin-free solutions. To our knowledge, this study is the first to assess the effects of AC prepared from date pits, jojoba, and microalgae on bilirubin adsorption. The capacity and effectiveness of AC is often dependent on the precursor used and the activation technique adopted. Therefore, in this report, AC was prepared using raw date pits, jojoba, and microalgae as carbon precursors, and the selective adsorption of the AC toward bilirubin was evaluated. Finally, the cytotoxicity of the AC synthesized here was assessed both in THLE2 and HepG2 cells cultured in 2D and 3D settings.

Materials and methods
=====================

Preparation of activated carbon
-------------------------------

Raw date pits (locally collected), jojoba seeds (*Simmondsia chinensis*; Egyptian Natural Oil, Cairo, Egypt), and dried microalgae cells (*Scenedesmus* spp.; Algal Oil Company, Manila, Philippines) were collected, washed with deionized water, dried, and grinded using an electric agitated mortar (JK-G-250B2; Jingke Scientific Instrument, Shanghai, China). Physical activation of the raw materials was carried out in a tube furnace (GSL-1500X; MTI Corporation, Richmond, VA, USA) with carbonization followed by activation. Samples were placed in crucibles and kept inside the furnace. N~2~ gas was passed for 10 minutes, then the temperature was gradually increased under a constant flow of N~2~ at a rate of 5°C/minute up to 600°C and maintained at this temperature for 4 hours. The carbonaceous material was then activated at 900°C in the same furnace under the flow of CO~2~ gas instead of N~2~ gas.[@b30-ijn-13-2997] The as-prepared AC was then sieved using a US standard testing sieve (according to ASTM E-II specification for mesh size of 200--300 µm) for use in the adsorbent experiments. For the preparation of AC nanomaterials (nano-AC), AC was wet-ground in an RM 100 grinder (Retsch, Haan, Germany) and then dried in a freeze-dryer (Telstar, Terrassa, Spain) at −55°C and 0.02 mbar for 6 hours. The material was then filtered using a 0.45 µm polytetrafluoroethylene filter (Thomas Scientific, Swedesboro, NJ, USA) prior to use in the cytotoxicity experiments.

Characterization techniques
---------------------------

The surface morphology and energy-dispersive spectroscopy of the AC samples were examined using scanning electron microscopy (SEM) at 3 kV accelerating voltage (JSM-5600; JEOL, Tokyo, Japan). AC samples were dried overnight in a hot oven at 105°C. Samples were mounted on an adhesive carbon tape attached to an aluminum stub and subsequently sputter-coated with a gold layer.[@b18-ijn-13-2997] Chemical structure was analyzed with Fourier-transform infrared spectroscopy (Thermo Nicolet Nexus 470; GMI, Ramsey, MN, USA). For this analysis, AC samples were oven-dried at 110°C overnight, stored in capped flasks, and kept in a desiccator prior to analysis. Testing samples were prepared by mixing the particles with potassium bromide powder (Sigma-Aldrich, St Louis, MO, USA) and then compressed into pellets. Pellets were then placed in a sample holder and spectra recorded for wave numbers of 400--4,000 cm^−1^.

Size distribution measurements of Nano-AC were conducted by dynamic light scattering using a Zetasizer Nano ZS (Zen360; Malvern Panalytical, Malvern, UK) at 25°C. The ζ-potential was measured in a clear disposable ζ-cell (DTS 1060C) with the same machine. The nano-AC powder was suspended in deionized water (H~2~O) using sonication.[@b16-ijn-13-2997] Carbon samples were examined by differential scanning calorimetry (DSC; Q 2000; TA Instruments, New Castle, DE, USA). A sample was heated from 25°C to 600°C at a heating rate of 10°C/minute with a nitrogen flow rate of 50 mL/minute. Thermogravimetric analysis (TGA) was carried out using a Q50 analyzer (TA Instruments).[@b32-ijn-13-2997]--[@b34-ijn-13-2997] Samples of AC were heated from 25°C to 800°C at a heating rate of 10°C/minute with a nitrogen flow rate of 40 mL/minute.

Adsorption experiments
----------------------

Albumin (molecular weight 66,000 g/mol), bilirubin (molecular weight 584.7 g/mol) and all other chemicals were purchased from Sigma-Aldrich. All experiments were conducted in a dark room using brown flasks to avoid photodegradation of toxins. The stability of the prepared solutions was tested by running control experiments without adsorbents for 1 week. Bilirubin stock solution of 80 µM was prepared by dissolving 30.4 g solid bilirubin in 650 mL 0.1 M NaOH solution. To that, 26 mL 2% (w:v) albumin solution was added. The volume was completed to 1 L by adding PBS, bringing the final pH to 7.4. From the stock solution, two dilutions of 60 and 30 µM were prepared.[@b7-ijn-13-2997],[@b32-ijn-13-2997]

Batch adsorption experiments were performed using AC prepared from date pits, jojoba and microalgae by mixing 40 mL bilirubin--albumin solutions with specific amounts of AC: 0 g (control), 0.1, 0.5, and 0.8 g for each of the three types of AC. The bottles were then kept in a water-bath shaker (Shimadzu, Kyoto, Japan) at 37°C to mimic human body temperature.[@b6-ijn-13-2997] Shaking speed was kept constant at 100 rpm for all the runs, which was high enough to disperse the AC sample uniformly in the solution. Readings were recorded by ultraviolet-visible spectrophotometry (UV-1800; Shimadzu) at wavelengths of 416 and 279 nm to evaluate bilirubin and albumin concentrations, respectively. At these wavelengths, the bilirubin extinction coefficient is independent of albumin/bilirubin molar ratio.[@b8-ijn-13-2997],[@b35-ijn-13-2997] Calibration was obtained by measuring the optical density of known concentrations of bilirubin and albumin at their respective wavelengths.

Cell culture and propagation
----------------------------

Two human cell lines were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA): the normal liver cell line THLE2 and the tumor cell line HepG2. THLE2 cells were maintained in bronchial epithelial cell-growth medium (Lonza, Basel, Switzerland) supplemented with heat-inactivated FBS (HyClone; GE Healthcare, Little Chalfont, UK) at a final concentration of 10% and 1% penicillin and streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) and 0.1% gentamicin solution under humidified air with 5% CO~2~ at 37°C. HepG2 cells were cultured in DMEM (HyClone) supplemented with heat-inactivated FBS to a final concentration of 10% and 1% penicillin--streptomycin solution under humidified air with 5% CO~2~ at 37°C. Cells were cultured in flasks precoated with collagen I (2.9 mg/mL), fibronectin (1 mg/mL), and bovine serum albumin (1 mg/mL) in bronchial epithelial cell-growth medium according to ATCC guidelines.

THlE2 and HepG2 cells frozen in liquid nitrogen were thawed in a 37°C water bath for 2 minutes. Frozen medium was removed by suspending the contents of one vial in 20 mL propagation medium in a 50 mL Falcon tube. The thawed cells were centrifuged at 1,000 rpm for 5 minutes at 4°C. Cell pellets were resuspended in propagation medium (20% DMEM for HepG2 and 20% bronchial epithelial basal medium for THLE2) and seeded in precoated T25 flasks. Flasks were incubated at 37°C and 5% CO~2~ for 2--3 days. Cells were cultured until they attained 40%--60% confluence, then dissociated using trypsin--EDTA solution, resuspended in their respective media, and counted using a hemocytometer (Agar Scientific, Stansted Mountfitchet, UK). Cell viability was assessed using the trypan blue exclusion-assay method.[@b21-ijn-13-2997],[@b22-ijn-13-2997] Trypan blue (50 µL) was mixed with 50 µL cell suspension. This suspension (5--10 µL) was then pipetted into the cell-counting chamber of the hemocytometer. Trypan blue penetrates only dead cells, which appear dark blue. Viable and dead cells were detected under light microscopy (CX43; Olympus, Tokyo, Japan). Cell viability was determined to be \>90% prior to the seeding of cells.

3D culturing methods were implemented along with 2D culturing; the former is presently used for studies in BAL devices.[@b36-ijn-13-2997] Cells at a density of 3×10^5^ cells/cm^2^ and in a volume of 250 µL cell medium/cm^2^ culture plates were used. Matrigel matrix (354248; Corning, NY, USA), a thick gel, was used for culturing the cells. Preparation of Matrigel was carried out as per the manufacturer's protocol with a final concentration of 5 mg/mL and 150 µL Matrigel/cm^2^ culture vessel surface.[@b22-ijn-13-2997],[@b24-ijn-13-2997] The medium was changed every 2 days.

Cytotoxicity assays
-------------------

MTT (Sigma-Aldrich) assays are used for the quantification of mitochondrial activity by measuring the formation of a dark blue formazan product formed by the reduction of the tetrazolium ring of MTT.[@b14-ijn-13-2997],[@b17-ijn-13-2997] The accumulated formazan was dissolved in a detergent and analyzed spectrophotometrically at 570 nm. The amount of formazan is proportional to the number of the viable cells. THLE2 and HepG2 cells were seeded at 5×10^3^ cells/mL by adding 100 µL cell suspension to each well of a 96-well tissue-culture plate.[@b17-ijn-13-2997],[@b21-ijn-13-2997] The plate was incubated for sufficient time to assure attachment and 40%--60% confluence. A total of 250 µg/mL nano-AC was considered the stock solution, from which concentrations of AC of 12.5--62.5 µg/mL were added to each well. The last row was left untreated with nano-AC (control). Another row was treated as blank (ie, media alone). Nano-AC produced from date pits, microalgae, and jojoba was investigated. Plates were incubated at 37°C, 5% CO~2~, for 1, 2, and 3 hours. After incubation with the nano-AC, media was aspirated off and replaced with fresh media. Then, MTT solution (10 µL) for a total volume of 100 µL was added to every well and incubated for 3 hours at 37°C with 5% CO~2~. Subsequently, MTT-containing medium was removed gently and replaced with dimethyl sulfoxide (100 µL per well) to mix the formazan crystals until dissolved. After 20 minutes, absorbance was measured at 570 nm for each well using a microtiter plate reader (XL800; BioTek, Winooski, VT, USA). Cell viability was calculated as percentage of untreated control values (ie, optical density of treated cells/optical density of control).[@b21-ijn-13-2997]

Characterization of cell morphology
-----------------------------------

Hematoxylin and eosin is the standard histologic stain used to evaluate cell structure. Cultured cells were treated with 62.5 µg/mL nano-AC for 24 hours, fixed with ice-cold methanol:ethanol (1:1) for 15 minutes, and air-dried. Coverslips were washed quickly six times in distilled water. Cells were stained with hematoxylin solution for 2 minutes and then rinsed in H~2~O, then counterstained with eosin for 10 seconds. Coverslips were rinsed in ethanol series (70%, 96%, and 100%), air-dried, mounted with DPX (distyrene, plasticizer, xylene; Sigma-Aldrich) and visualized under bright-field microscope (OLYMPUS, IX83 research inverted microscope 2DECK, Tokyo, Japan) equipped with a camera (DP73; Olympus, Tokyo, Japan).[@b37-ijn-13-2997]

For fluorescent microscopy investigation, THLE2 and HepG2 cells were harvested by trypsinization and 3×10^5^ cells/mL plated on sterile coverslips placed in 10 mm petri plates. Cells on coverslips were contained initially in their respective media (1 L/coverslip) for 24 hours at 37°C in a 5% CO~2~ incubator. Cell cultures were then treated with 62.5 µg/mL nano-AC and incubated for 24 hours. Cells were washed twice with DPBS (Sigma-Aldrich), then fixed in 4% paraformaldehyde (Sigma-Aldrich) for 10 minutes at room temperature.[@b28-ijn-13-2997],[@b37-ijn-13-2997] Cells were washed and permeabilized with 0.1% Triton X-100 for 5 minutes, fluorescein isothiocya-nate (FITC)-labeled phalloidin added, and kept incubated for 40 minutes.[@b38-ijn-13-2997]--[@b40-ijn-13-2997] Cells were washed with DPBS and 0.1% Triton X-100 for 4 minutes. Samples were mounted with DAPI--Fluoroshield (Sigma-Aldrich) for 10 minutes, then washed to remove the excess DAPI.[@b40-ijn-13-2997] Finally, coverslips were fixed on frosted slides with the DPX mountant. Similarly, the 3D cultured cells were allowed to grow in Matrigel and collagen for 10 days.[@b24-ijn-13-2997],[@b38-ijn-13-2997] Matrigel acts as a framework for cells to grow and mimic the conditions inside the human body. The rate of growth in 3D culture is much slower compared to normal culture, especially in the case of normal cells. The cells attached themselves to the Matrigel and were stained with phalloidin--FITC and DAPI--Fluoroshield fluorescent dyes using the same procedure for the 2D cultured cells.

Data analysis
-------------

Data analysis was carried out with *t*-tests (two-tailed distribution, significant at *P*\<0.05). Readings were collected at three time points post nano-AC administration.

Results and discussion
======================

Phytomaterials and AC characterization
--------------------------------------

[Figure 1](#f1-ijn-13-2997){ref-type="fig"} shows SEM images of raw date-pit powder and the AC produced from date pits, jojoba seeds, and microalgae. There were significant differences between the surface morphology of each of them. SEM images of date-pit powder before activation showed an absence of pores ([Figure 1A](#f1-ijn-13-2997){ref-type="fig"}). Pores with a diameter of around 5 µm were formed after activation for 1 hour ([Figure 1B and C](#f1-ijn-13-2997){ref-type="fig"}). Date-pit AC exhibited an even, homogeneous, highly porous, and well-pronounced array of honeycomb structures, indicating the possibility of the toxins to be trapped and adsorbed. The zoomed-in image of [Figure 1C](#f1-ijn-13-2997){ref-type="fig"} shows arrays of threadlike structures that form the walls of the pores and thus highly increase the surface area. [Figure 1D--F](#f1-ijn-13-2997){ref-type="fig"} shows jojoba-seed AC images that demonstrated almost uniform pore structure with channels and large holes in the shape of both macropores and mesopores. Each channel contained a large number of mesopores, as indicated in the zoomed-in image of [Figure 1F](#f1-ijn-13-2997){ref-type="fig"}. [Figure 1G--I](#f1-ijn-13-2997){ref-type="fig"} shows microalgae AC images that demonstrate fiber-like structures. The fibers were connected, with cavities between each other. Pores created on the external surface of the carbon during the activation process were mainly due to the release of volatile matter. This can be attributed to the presence of metallic atoms intercalating the carbon matrix, resulting in the widening of spaces between carbon atomic layers.

The results of the elemental analysis of AC obtained from the three precursors -- date pits, jojoba seeds, and microalgae -- at 900°C activation temperature are shown in [Table 1](#t1-ijn-13-2997){ref-type="table"}, showing mass percentages of carbon, hydrogen, nitrogen, and oxygen. Insignificant amounts of other elements were found, but are not shown in the table, such as sodium, potassium, calcium, magnesium, phosphorus, and iron. The carbon and nitrogen content of jojoba-seed AC were highest. However, the oxygen content was lowest. Furthermore, the carbon and nitrogen content of microalgae AC was lowest. Date-pit AC showed carbon-, hydrogen-, nitrogen-, and oxygen-content values of 49.82%, 4.12%, 4.02%, and 28.18%, respectively. This is due to the release of volatiles during carbonization that results in the elimination of noncarbon species and enrichment of carbon.[@b18-ijn-13-2997],[@b41-ijn-13-2997]

[Figure 2](#f2-ijn-13-2997){ref-type="fig"} shows Fourier-transform infrared spectra of the three samples of AC synthesized from date pits, jojoba seeds, and microalgae in the wave-number range 400--4,000 cm^−1^. The three AC samples showed almost similar functional groups with intensity variation. As a result of physical activation, carbonization and activation of the raw materials causes the decomposition of O~2~ and H groups.[@b41-ijn-13-2997]--[@b43-ijn-13-2997] Oxygen bonds to peripheral carbon atoms, from which different functional groups arise.[@b18-ijn-13-2997] The bands around 3,400 cm^−1^ are attributed to the asymmetric and symmetric stretching vibrations of O-H bonds and indicate the presence of carboxylic acid on the surface of the AC. Other peaks observed at 2,300--2,350 cm^−1^ are assigned to aliphatic bands. Peaks at 1,400--1,700 cm^−1^ are attributed to conjugated stretching of C--O, C=C, C=O of carbonyl groups. Date-pit AC showed a broad band around 1,030 cm^−1^ that is attributed to C--O stretching. This indicates the presence of acids, alcohols, and phenols. The band at 650 cm^−1^ is due to plane-ring deformation.

[Figure 3A](#f3-ijn-13-2997){ref-type="fig"} shows the size distribution of nano-AC produced from date-pit deionized water (H~2~O) dispersion. It has a large size distribution in of 65--350 nm, and most particles were \<200 nm, with an average size of 135 nm. [Figure 3B](#f3-ijn-13-2997){ref-type="fig"} shows the size distribution of nano-AC produced from jojoba seeds in H~2~O dispersion. It has a narrow size distribution, with an average size of 284 nm. [Figure 3C](#f3-ijn-13-2997){ref-type="fig"} shows the size distribution of nano-AC produced from microalgae in H~2~O dispersion. It has a large size distribution of 170--700 nm, with average size of 344 nm.[@b18-ijn-13-2997],[@b40-ijn-13-2997] [Figure 3A](#f3-ijn-13-2997){ref-type="fig"} shows that most particles were \<200 nm, with an average size of 135 nm. [Figure 3B](#f3-ijn-13-2997){ref-type="fig"} shows a narrow size distribution, with an average size of 284 nm. [Figure 3C](#f3-ijn-13-2997){ref-type="fig"} shows a large size distribution of 170--700 nm, with average size of 344 nm.[@b18-ijn-13-2997],[@b40-ijn-13-2997]

[Figure 4](#f4-ijn-13-2997){ref-type="fig"} shows ζ-potential values of −10.1 mV for date-pit nano-AC, −26.3 mV for jojoba-seed nano-AC, and −42.7 mV for microalgae nano-AC in H~2~O suspension. Date-pit nano-AC had small negative charge on the surface, which indicates less stability and affinity to agglomerate with time into clusters, whereas the microalgae nano-AC produced had high stability and homogeneity, due to the repulsive force among particles. This was indicated by the huge negative surface charge of the particles. By increasing the stability of nano-AC in suspension, adsorption and removal of various toxin molecules will be enhanced.[@b16-ijn-13-2997],[@b44-ijn-13-2997],[@b45-ijn-13-2997]

In order to determine general decomposition characteristics of the raw phytomaterials during activation, samples were subjected to TGA. [Figure 5A](#f5-ijn-13-2997){ref-type="fig"} shows the TGA curves of date pits, jojoba seeds, and microalgae in N~2~ atmosphere at a 10°C/minute heating rate. The thermal decomposition of the three samples took place in three stages. At the first stage of the date pits, a sharp weight loss of the raw material was observed: about 12% at 35°C--100°C. The first stage presented a significant weight loss, due to much volatility released mainly due to the evaporation of water. The second stage obtained at 100°C--450°C was about 10%, in which the carbonization process began and mainly hemicellulose and cellulose fractions decomposed. At higher temperatures (450°C--800°C), the weight loss was due to lignin decomposition. The TGA curve of jojoba seeds showed about 8% weight loss up to 250°C, due to dehydration of the sample. During the next stage, progressive and significant weight loss was observed up to 450°C, thanks to the decomposition of cellulose and hemicellulose of the sample to condensable gas (acetic acid, methanol, and tar) and incondensable gas (CO, CO~2~, CH~4~, H~2~, H~2~O). At the third stage, lignin began to decompose and contribute to the weight loss. Also, the residual volatility from the first stage was further released, but carbon was left. The TGA curve of microalgae showed a small decrease at the first stage, as the examined microalgae cells had already dried.[@b33-ijn-13-2997],[@b34-ijn-13-2997] Then, progressive and significant weight loss was observed from 140°C to 600°C, wherein most of the organic materials were decomposed, since microalgae is not lignocellulosic in composition, but instead comprised of lipids, proteins, nucleic acids, and carbohydrates.[@b18-ijn-13-2997] The third stage \>600°C showed carbonaceous matters in the solid residuals starting to decompose. From TGA results, it can be stated that temperatures \>800°C are more appropriate for pyrolysis and activation of raw materials.[@b33-ijn-13-2997],[@b34-ijn-13-2997]

[Figure 5B](#f5-ijn-13-2997){ref-type="fig"} shows DSC curves. These showed a small drop in temperature in the first stage, because the samples needed to heat to evaporate the remaining water.[@b33-ijn-13-2997] DSC of date pits and jojoba seeds showed valleys at about 200°C and 212°C, respectively, where hemicellulose and cellulose decomposed and produced plentiful organic compounds, such as tar, ketone, and methanol, which would vaporize by adsorbing large amount of heat. Microalgae, however, arrived at its valley at about 180°C, as lipids, proteins, nucleic acids, and noncellulosic carbohydrates decomposed at lower temperature.[@b18-ijn-13-2997]

Adsorption properties
---------------------

[Figure 6A, C, and E](#f6-ijn-13-2997){ref-type="fig"} shows bilirubin adsorption via date-pit AC, jojoba-seed AC, and microalgae AC, respectively, using 0.1, 0.5, and 0.8 g of each at an initial bilirubin concentration of 30 µM in the bilirubin--albumin solution. The insignificant drop in bilirubin concentration in the control experiments (*P*\<0.05), without adsorbent, proves that the drop was mainly due to the adsorption. The amount of bilirubin increased with increased AC amount, and it was observed that the highest adsorption rate of bilirubin occurred within the first 4 hours.[@b6-ijn-13-2997],[@b7-ijn-13-2997] Adsorption typically exhibits two stages. In the initial stage, external surface adsorption dominated, where bilirubin diffused from the solution to the external surface of the adsorbent. This step was mainly controlled by the surface adsorption kinetic rate. Once the external surface had been saturated with the bilirubin molecules, the second stage started, wherein internal diffusion becomes more important and often leads to a steady decrease in adsorption rate.[@b7-ijn-13-2997],[@b35-ijn-13-2997]

[Figure 6B, D, and F](#f6-ijn-13-2997){ref-type="fig"} shows the albumin concentration in the same solutions with date-pit AC, jojoba-seed AC, and microalgae AC, respectively, using 0.1, 0.5, and 0.8 g of each. It was clearly demonstrated that in the presence of AC, the drop in albumin concentration was insignificant. This suggests that the as-synthesized AC samples were able to strip the bilirubin molecules from the bilirubin--albumin complex, rather than adsorbing the complex altogether. For successful removal of bilirubin, the AC should be capable of competing with at least the weak-binding sites on albumin for unconjugated bilirubin. Specifically, electrostatic and hydrophobic interaction and hydrogen bonds can be formed between oxygen-containing groups (ie, on the AC) and bilirubin molecules. Thanks to the AC's high surface area resulting from the macropores, adsorption efficiency was enhanced. The selective adsorption of bilirubin in mixed solutions of bilirubin and albumin is based on a difference in the physical sizes of those molecules. Therefore, bilirubin molecules of about 2 nm were able to get into the AC through the macropores and immobilized on their inner surfaces, leaving albumin behind, as albumin molecules were much larger than the pore size.[@b46-ijn-13-2997],[@b47-ijn-13-2997] The binding of bilirubin molecules to the inner surfaces of the AC was stronger than that to their outer surfaces, due to confinement effects and a high density of bilirubin molecules. This is a vital feature of the as-synthesized AC that proves its significance for removal of bilirubin from the blood without removal of useful molecules and materials.

To compare the performance of the three adsorbents, a slight difference was observed wherein date-pit AC showed the highest adsorption of bilirubin with time ([Figure 6A](#f6-ijn-13-2997){ref-type="fig"}). However, jojoba-seed AC and microalgae AC showed almost similar trends with time ([Figure 6C and E](#f6-ijn-13-2997){ref-type="fig"}). This variation can be attributed to the deference in the surface morphology, as indicated in [Figure 1](#f1-ijn-13-2997){ref-type="fig"}. [Figure 7](#f7-ijn-13-2997){ref-type="fig"} shows the initial concentration (C~0~, mg/L) of bilirubin versus the final concentration (C~eq~, mg/L). Initially, three different concentrations (80, 60, and 30 µM) of bilirubin were tested, and results of all samples demonstrated reduction in bilirubin. However, date-pit AC had more adsorption capacity than jojoba-seed AC and microalgae-AC. Jojoba-seed AC showed the least bilirubin removal, and microalgae AC showed a moderate rate of adsorption.

[Figure 8A and B](#f8-ijn-13-2997){ref-type="fig"} shows Langmuir and Freundlich linear isotherm plots for date-pit AC, jojoba-seed AC, and microalgae AC. Langmuir and Freundlich isotherms are commonly used isotherms to identify the most suitable adsorption mechanism. Amounts of bilirubin adsorbed on AC at equilibrium (q~eq~, mg/g) were calculated thus: $$q_{\text{eq}} = \frac{(C - C_{\text{eq}})V_{\text{sample}}}{m}$$where, q~eq~ is the amount of solute adsorbed at equilibrium, C~0~ the initial bilirubin concentration, C~eq~ the equilibrium concentration of the solute in the bulk solution after 16 hours, Vsample the volume of the sample, and "m" the mass of the adsorbent used. The Langmuir isotherm, described in [Equation 2](#fd2-ijn-13-2997){ref-type="disp-formula"}, assumes that forces of attraction among the adsorbed molecules are negligible and when a molecule occupies one site, no further adsorption takes place at that site:[@b35-ijn-13-2997],[@b48-ijn-13-2997] $$q_{\text{eq}} = \frac{q_{o}\text{bC}_{\text{eq}}}{1 + \text{bC}_{\text{eq}}}$$where q~o~ is the maximum adsorption capacity and "b" is a constant related to free energy of adsorption. By plotting the graph 1/q~e~ vs 1/C~eq~, Langmuir constants can be determined and the values of q~o~ and "b" determined from the intercept and slope, respectively. The results shown in [Figure 8](#f8-ijn-13-2997){ref-type="fig"} were used to determine q~eq~ and C~eq~, which were then used to determine the isotherm parameters q~o~ and "b" ([Table 2](#t2-ijn-13-2997){ref-type="table"}).

On the other hand, the Freundlich isotherm, shown in [Equation 3](#fd3-ijn-13-2997){ref-type="disp-formula"}, describes unideal and reversible adsorption, applied to multilayer adsorption with nonuniform distribution of adsorption heat and affinity over the heterogeneous surface:[@b48-ijn-13-2997] $$q_{\text{eq}} = k_{f}C_{\text{eq}}^{1/n}$$where k~f~ and "n" are Freundlich parameters, which can be determined from the slope and intercept of the straight line of log q~eq~ vs log C~eq~, respectively.[@b48-ijn-13-2997] The parameters of the two isotherms determined are presented in [Table 2](#t2-ijn-13-2997){ref-type="table"}. The coefficient of determination (*R*^2^) which measures the level of accuracy of fit of the Langmuir and Freundlich models, was close to unity. This suggests that both models can describe the adsorption process well. However, the Langmuir model was more appropriate. The results showed that the maximum adsorption capacity for date-pit AC was 2.72 mg/g, which was higher than the adsorption capacity of jojoba-seed AC and microalgae AC, at 0.719 and 1.74 mg/g, respectively.

In vitro cytotoxicity of AC
---------------------------

Normal hepatocytes (THLE2) and the human hepatocellular carcinoma cell line HepG2 were used to evaluate the in vitro cytotoxic activity of the as-synthesized AC. THLE2 and HepG2 cells were incubated with 12.5--62.5 µg/mL of date-pit AC, jojoba-seed AC, or microalgae AC for 3 hours. Cell viability was determined by MTT assay. The reduction in MTT occurred mainly in the mitochondria, due to the action of succinate dehydrogenase, thus providing a measure of mitochondrial function wherein only cells that were viable were capable of metabolizing the dye efficiently and producing purple formazan, which is proportional to the amount of viablility.[@b18-ijn-13-2997],[@b40-ijn-13-2997]

[Figure 9A--C](#f9-ijn-13-2997){ref-type="fig"} shows cell-viability results of THLE2 cells incubated with date-pit, jojoba-seed, and microalgae nano-AC using MTT assay. A minimal decrease in cell viability compared to the untreated control was observed and appeared proportional to incubation time. For example, THLE2 cells that were treated with date-pit nano-AC showed 75% viability in the third hour, whereas jojoba-seed and microalgae nano-AC showed 45% and 25% viability, respectively, at the same exposure time. Growth inhibition was 25% for date-pit nano-AC and 70% for both microalgae and jojoba-seed. [Figure 10A--C](#f10-ijn-13-2997){ref-type="fig"} shows that cell viability of nano-AC-treated HepG2 cells was decreased compared to control cells. For example, date-pit nano-AC demonstrated about 60% viability in the third hour, whereas jojoba-seed and microalgae nano-AC showed about 40% viability. There were slight differences between the two cell lines concerning their sensitivity to nano-AC samples. The difference between the proliferation rate of the THLE2 and HepG2 cells may be attributed to different uptake mechanisms of nano-AC by the two cell lines.[@b40-ijn-13-2997] The variation in conjunction with the different nano-AC products applied could be attributed to the difference in particle size and surface charge ([Figures 3](#f3-ijn-13-2997){ref-type="fig"} and [4](#f4-ijn-13-2997){ref-type="fig"}).[@b44-ijn-13-2997] Furthermore, the MTT assay appeared to be more sensitive, which can be attributed to either the assay being based mainly on the enzymatic conversion of MTT in the mitochondria and/or the reactive oxygen species generated within the mitochondria may also have damaged mitochondrial components.[@b40-ijn-13-2997]

Effect of AC on morphology of THLE2 and HepG2 cells
---------------------------------------------------

[Figures 9D and E](#f9-ijn-13-2997){ref-type="fig"} and [10D and E](#f10-ijn-13-2997){ref-type="fig"} show THLE2 and HepG2 cells stained with hematoxylin and eosin where the nuclei appear purple, whereas the cytoplasm is pink. Cells are mostly clustered, and individual cells are polygonal in shape. The nuclei of HepG2 cells are smaller than those of THLE2 ([Figure 9D and E](#f9-ijn-13-2997){ref-type="fig"}. After 24 hours' exposure to 62.5 µg/mL date-pit nano-AC, THLE2 cells did not reveal any apoptotic activity. HepG2 cells showed apoptotic activity, which is a characteristic stress signal of cancerous cells.[@b49-ijn-13-2997]

THLE2 and HepG2 cells was stained with DAPI--Fluo-roshield and phalloidin--FITC fluorescent dyes ([Figure 11](#f11-ijn-13-2997){ref-type="fig"}). DAPI is a fluorescent tag that binds strongly to AT rich regions in DNA in the cell nucleus, as it can pass through an intact nuclear membrane, and exhibits blue fluorescence. Phalloidin--FITC, on the other hand, binds to the cytoskeleton components, ie, actin filaments, which are located directly underneath the plasma membrane, and exhibits green fluorescence.[@b38-ijn-13-2997]--[@b40-ijn-13-2997] [Figure 11](#f11-ijn-13-2997){ref-type="fig"} shows fluorescence-microscopy of 2D and 3D cultured THLE2 and HepG2 cells treated with date-pit, jojoba-seed, and microalgae nano-AC. The integrity and distribution of actin cytoskeletal filaments were marginally affected by the nano-AC treatments applied.[@b40-ijn-13-2997] Morphology changes were also more evident in HepG2 cells than normal THLE2 cells.

Conclusion
==========

To develop a novel adsorbent for bilirubin detoxification, three phytomaterials were selected as precursors for the synthesis of AC: date pits, jojoba seeds, and microalgae. Structural and morphological analyses showed differences among the three newly produced AC materials. However, all developed AC materials showed porous structures with large surface area. In addition, they all displayed excellent adsorbent qualities, including high adsorption capacity for bilirubin and high selectivity for bilirubin against albumin. These unique properties clearly showed the advantageous capability of AC in filtering out bilirubin from the blood without losing any useful blood components. The Langmuir and Freundlich models fitted the equilibrium experimental data, and the Langmuir isotherm-equilibrium model showed a better fit. The results revealed that date-pit AC had more adsorption capacity than jojoba-seed AC and microalgae AC. Moreover, in vitro MTT assays on normal hepatocytes (THLE2) and cancerous hepatocytes (HepG2) demonstrated that nano-AC has a more potent effect on the viability of HepG2 cells compared to its normal counterpart.
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![Scanning electron microscopy.\
**Notes:** (**A**) Raw date pits; (**B** and **C**) date-pit activated carbon; (**D**--**F**) jojoba-seed activated carbon; and (**G**--**I**) microalgae activated carbon.](ijn-13-2997Fig1){#f1-ijn-13-2997}

![Fourier-transform infrared spectra.\
**Notes:** (**A**) Date-pit activated carbon (AC); (**B**) microalgae activated carbon; and (**C**) jojoba-seed activated carbon.](ijn-13-2997Fig2){#f2-ijn-13-2997}

![Size-distribution histograms of nanomaterial.\
**Notes:** (**A**) Date-pit activated carbon, (**B**) jojoba-seed activated carbon, and (**C**) microalgae activated carbon dispersed in H~2~O.](ijn-13-2997Fig3){#f3-ijn-13-2997}

![ζ-Potentials of (**A**) date-pit activated carbon, (**B**) jojoba-seed activated carbon, and (**C**) microalgae activated carbon nanomaterial dispersed in H~2~O.](ijn-13-2997Fig4){#f4-ijn-13-2997}

![(**A**) TGA and (**B**) DSC curves for the raw phytomaterials date pits, jojoba, and microalgae.\
**Abbreviations:** TGA, thermogravimetric analysis; DSC, differential scanning calorimetry.](ijn-13-2997Fig5){#f5-ijn-13-2997}

![Time dependence of bilirubin and albumin remaining in solution.\
**Notes:** Different concentrations of (**A** and **B**) date-pit AC, (**C** and **D**) jojoba-seed AC, and (**E** and **F**) microalgae AC.\
**Abbreviation:** AC, activated carbon.](ijn-13-2997Fig6){#f6-ijn-13-2997}

![Effect of initial bilirubin concentration on final equilibrium concentration using 0.8 g date-pit AC, jojoba-seed AC, and microalgae AC at 37°C and pH 7.4.\
**Abbreviation:** AC, activated carbon.](ijn-13-2997Fig7){#f7-ijn-13-2997}

![Linear isotherm plot of date-pit AC, jojoba-seed AC, and microalgae AC using (**A**) Langmuir model and (**B**) Freundlich model.\
**Abbreviation:** AC, activated carbon.](ijn-13-2997Fig8){#f8-ijn-13-2997}

![Viability of THLE2 cells by MTT assay.\
**Notes:** After exposure to nano-AC for (**A**--**C**) 1, 2, and 3 hours, respectively. Means of three independent experiments are presented (*P*\<0.05). Morphological analyses of viable cells stained with hematoxylin and eosin. (**D**) Control untreated THLE2 cells; (**E**) THLE2 cells treated with date-pit nano-AC.\
**Abbreviation:** nano-AC, activated-carbon nanomaterial.](ijn-13-2997Fig9){#f9-ijn-13-2997}

![Viability of HepG2 cells by MTT assay.\
**Notes:** After exposure to nano-AC for (**A**--**C**) 1, 2, and 3 hours, respectively. Means of three independent experiments are presented (*P*\<0.05). Morphological analyses of viable cells stained with hematoxylin and eosin. (**D**) Control untreated HepG2 cells; and (**E**) HepG2 cells treated with date-pit nano-AC.\
**Abbreviation:** nano-AC, activated-carbon nanomaterial.](ijn-13-2997Fig10){#f10-ijn-13-2997}

![Fluorescence microscopy.\
**Notes:** (**A**--**D**) 2D cultured THEL2 cells; (**E**--**H**) 2D cultured HepG2 cells; (**I**--**L**) 3D cultured THEL2 cells; (**M**--**P**) 3D cultured HepG2 cells. (**A**, **E**, **I**, **M**) Controls, (**B**, **F**, **J**, and **N**) treated with date-pit nano-AC, (**C**, **G**, **K**, and **O**) treated with jojoba-seed nano-AC, and (**D**, **H**, **L**, and **P**) treated with microalgae nano-AC for 24 hours. Actin cytoskeleton green, cell nucleus blue, scale bars 20 mm.\
**Abbreviation:** nano-AC, activated-carbon nanomaterial.](ijn-13-2997Fig11){#f11-ijn-13-2997}

###### 

Elemental analyses of AC produced from different phytomaterials

  Adsorbent        Mass (%)                  
  ---------------- ---------- ------ ------- -------
  Date-pit AC      59.82      4.12   4.02    28.18
  Jojoba-seed AC   65.65      7.72   10.39   13.10
  Microalgae AC    53.58      4.91   3.30    25.71

**Abbreviation:** AC, activated carbon.

###### 

Isotherm parameters of adsorption of bilirubin on natural materials at 37°C and pH 7.4

  Isotherm                                                  Parameter                                              Date-pit AC   Jojoba-seed AC   Microalgae AC
  --------------------------------------------------------- ------------------------------------------------------ ------------- ---------------- ---------------
  Langmuir                                                  b[\*](#tfn2-ijn-13-2997){ref-type="table-fn"} (L/mg)   0.1249        0.2456           0.0815
  q~o~[\#](#tfn3-ijn-13-2997){ref-type="table-fn"} (mg/g)   2.72                                                   0.719         1.741            
  *R*^2^                                                    0.9931                                                 0.9917        0.9533           
  Freundlich                                                K~f~[§](#tfn4-ijn-13-2997){ref-type="table-fn"}        0.5797        0.5026           0.5573
  1/n[§](#tfn4-ijn-13-2997){ref-type="table-fn"}            0.5821                                                 0.219         1.9312           
  *R*^2^                                                    0.9960                                                 0.9547        0.9465           

**Notes:**

Constant;

maximum adsorption capacity;

Freundlich parameters.

**Abbreviation:** AC, activated carbon.
